I. INTRODUCTION
Up to 90 percent of cancer-associated mortality is attributed to metastasis, but despite this fact, metastasis has remained one of the least understood aspects of the disease [1] . During metastasis, cells disseminate from the initial tumor, intravasate into the the surrounding vessels, and colonize within a new host tissue [2] . Despite development of many prognostic measures for evaluating the metastatic risk, there is still intensive ongoing research for gaining deeper understanding of the phenomenon and evaluating accurately its risk, in order to minimize treatment failure and costs [3] .
Cell migration plays a crucial role in metastasis [4] , as the physical translocation during metastasis happens through cellular migration that is either directed or random [5] . If the basic machinery of cell mobility is activated, but without guiding principle, the cells migrate randomly. In the presence of external/internal guidance cues, however, the cells undergo directed migration [5] . When soluble chemotactic agents, such as chemokine and growth factor, represent the external cue, cancer cells may climb the gradient and undergo chemotaxis in order to metastasize [6] . As a result, during metastasis, cancer cells migrate randomly or are directed until they reach blood vessels and enter its stream. Cellular migration in vivo happens within a heterogeneous environment that is composed mainly of extracellular matrix (ECM), which can significantly alter cellular migration [7] . Many models, such as random [8] and persistent walks [9] , as well as other types of models [10] [11] [12] have been developed to describe and/or simulate cellular migration.
The ECM provides the environment that supports cell maintenance [13] and it influences [14] cellular migration through its physical properties [14] , such as confinement [15] [16] [17] [18] [19] [20] , fiber topography [21] [22] [23] [24] [25] [26] , and bulk characteristics [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . In particular, orientation of the ECM's fibrils affects cells' direction of migration [37] [38] [39] [40] [41] . Alignment of the fibrillar matrix, both in vitro and in vivo controls migration and promotes directional cell migration [42, 43] , and reorients cell motility without altering its overall magnitude [44, 45] . Moreover, the fibers can either impede tumor invasion by acting as a barrier against migration [46] [47] [48] , or facilitate it by providing high-speed "highways" [49] based on their orientation. Experimental investigations have studied the effect of the orientation of the fibers on cellular invasion [50] [51] [52] . They have indicated larger invasion extent along the direction of aligned ECM's fibers for both random and 2 directed migration, but they still fail to provide a quantitative understanding of such regulation.
Physics-based models based on percolation [53, 54] have also been used to simulate the ECM structure.
The profound effect of fiber orientation in vivo has led to the emergence of a prognostic factor, known as tumor-associated collagen signature (TACS), which predicts the behavior of tumor based on the the type and structure of the ECM alignment [3, 55] . According to this approach, there are three types of signatures [56] : TACS-1, representing dense wavy collagen fibers (CFs); TACS-2, which is indicative of linear CFs parallel to the tumor's border, and TACS-3, identified by the presence of linear CFs perpendicular to the tumor's border. Screening of the TACS is a clinical prognostic tool, and TACS-3 could indicate poor survival rate, hence suggesting that quantifying CFs alignment may be an independent prognostic marker [3, 55, 57] .
But, despite the significance of the classification as a strong prognostic factor, as well as a quantitative approach to study alignment of the ECM fibers [58] , it remains qualitative [55] because, for example, it is not clear what angle between the fibers and the tumors' border constitutes the "dividing angle" between the TACS-2 and TACS-3, and how the transition between the two occurs. Thus, fiber classification should be addressed by development of quantitative understanding of the effect of the orientations of the fibers on cell migration. In this paper we describe a new model, and utilize analytical arguments and numerical simulation to study the effect of the ECM's fibers' structure on cell migration, which provide quantitative understating of the ECM's fibers dividing angle.
The rest of this paper is organized as follows. In Sec. II we describe the details of the model that we use in our study. The results are presented and discussed in Sec. III, while the paper is summarized in Sec. IV.
II. THE MODEL
Physical cues of the cellular environment, such as organization of the ECM components, affect the cells and their motility, and force transduction [59] . Collagen alignment regulates migration by directing cellular protrusions along aligned fibers [60] . The alignment also promotes directed migration by a combination of traction forces and contact guidance mechanisms [61] . Fibrillar topographical cues in the form of one-dimensional (1D) nanofibres guide cell migration in vivo [62] . As such, the cells migrate directionally along oriented fibers [21] . The size of the CFs and the structure of the ECM exhibit wide diversity, however. Experimental studies [44, 45] have attempted to mimic the observed structures [50] [51] [52] , and have indicated that the fibers have an average length of 20 µm, with their orientations following a Gaussian distribution. In this paper we rely on such data as the basis of our model. What is significant is the existence of the fibers in the ECM that provide a medium for the cells to advance.
The ECM is, of course, three dimensional. There is also extensive evidence that extrapolation from 2D is far from straightforward [5] . But, as emphasized by others [21] , the fact is that the fibers have a 1D structure. As such, we argue that migration happens on 1D structures embedded in a higher-dimensional space. Given this assumption, then, regardless of dimensions of the space in which the fibers are embedded, our results should be valid. In fact, in the experiments with which we compare our results (see below), the cellular medium is quasi-2D.
Migration happens on the 1D collagen fibers, and the height (thickness) of the medium is so small compared to the other dimensions that the cellular medium is essentially 2D. If we extend the cellular environment in our model in the third direction z by keeping the same configuration of the fibers around the x axis (shown in Fig. 1 ), the result for the motility would remain the same.
The heterogeneous cellular environment is not completely random, but contains extended correlations [63] the existence of which has been confirmed by in-vivo studies [55] , although the structure of the correlation function has not been characterized yet. To generate a distribution of the fibers with spatial correlations, we use the fractional Brownian motion (FBM) [64] according to which for the fiber orientations at x and x' one has,
Here, 0 < H < 1 is the Hurst exponent [65] with H > 0.5 representing positive correlations so that the fibers' alignments vary smoothly as H → 1, whereas negative correlations are represented by H < 0.5 and, thus, the orientations fluctuate widely as H → 0. Note that we do not claim that the FBM represents the actual type of the correlations, rather we use it as a typical stochastic functions that produces extended correlations. At the same time, the FBM has found many applications in biological phenomena [66] [67] [68] [69] [70] . Note that the model that we use is not for migration in 2D substrates. Instead, it imitates migration on collagen fibers, which for convenience is considered to be two dimensional. In a 3D model one would have 20 × 20 × 20 µm 3 cubes, in which we assign θ as the angle with the normal to the tumor's border plain, and a second angle φ for the orientation in the tumor's border plain.
As Fig. 1(a) indicates, the tumor's boundary is at x = 0. Then, if a cell is in a unit with a fiber orientation θ with respect to the y axis [vertical axis in Fig. 1(a) ], the probabilities of migrating in the x and y directions are, respectively, sin 2 θ and cos 2 θ. In the corresponding 3D model we set the probabilities to be sin 2 θ, cos 2 θ cos 2 φ, and cos 2 θ sin 2 φ for x, y and z directions, respectively, where φ desribes the direction in the plane parallel to tumor's border.
The probabilities provide us with a means of understanding the effect on cell migration of the fibers' alignment and their distribution. Note that the orientations lead to cellular alignment that causes directed migration [44, 45] . We assume that the migration probabilities capture the effects of both the ECM's and the cellular alignment. Then, the orientations are selected according to the FBM with a standard deviation of σ aroundθ.
To study chemotaxis we use the normalized barrier [71] 
with the drift velocity v x given by, We then check if the model reproduces recent experimental data for cell motility in various directions. Defining the directional motilities by µ x = x 2 /t and µ y = y 2 /t, recent experimental studies on the ECM's fiber alignment withθ = π/2 and σ = 0.13π reported that [44, 45] , µ x /µ y ≈ 5. Figure 2 (a) presents the simulation results with the same parameters. We find that after long enough times, x 2 ≈ 420, y 2 ≈ 90 and, therefore, µ x /µ y = x 2 / y 2 = 420/90 ≈ 4.67, in excellent agreement with the experimental data.
Since our model is 2D, but the experiments had been carried out in seemingly 3D media, the agreement may seem to be fortuitous. Note, however, that the experiments were actually carried out in a quasi-two-dimensional cellular medium, and although migration occurs on the collagen fibers embedeed in 3D space, the evironment is limited in third direction z. But, even if the cellular medium were truly 3D, x 2 should remain unchanged, because in the 3D model we define the motility in the border plain by µ r = µ y + µ z . In that case we would still have µ x /µ r ≈ 5, hence indicating that our result, at least for the uncorrelated cellular media, would not change if we use a fully 3D model.
More generally, however, it is important to understand how the spatial distribution of the fibers' orientations affect the extent of cell invasion. Since migration perpendicular to the tumor boundary at x = 0 plays the main role in metastasis, we take the net mean displacement, x 2 1/2 , as the extent or length of the invasion, which is indicative of the metastatic risk.
Consider, first, the non-chemotactic case with p = 1/4. The simulations indicate that as σ, the standard deviation of the orientations' distribution, increases in an uncorrelated medium, x 2 /t converges to the same value of about 0.5 for allθ, which is expected for a random walk in a homogeneous medium; see Fig. 2(b) . Precisely the same behavior develops for the chemotactic case, p > 1/4.
In a cellular environment with well-aligned fibers and small σ, the dependence onθ of all as TACS-3. Other definitions of θ * may be considered, but our approach allows us to classify the fibers based on any reasonable definition of θ * . Note that we do not claim, at this point, that the value of θ * is universal, independent of the type of fibers' oritentation distribution, or the dimensionality of the cellular medium. The important point that we would like to emphasize is rather the existence of such a critical angle. We will return to this point shortly.
Consider, next, chemotactic migration with p > 1/4 for which x 2 = µ x t. Thus, we focus on x 2 /t, which is a measure of mobility ("diffusivity") of the cells, and study its dependence on σ andθ. We first note that chemotactic migration does have a transition point θ * ; see by p. Using the expressions for the probabiliies of motion and the drift velocities, we obtain,
To understand the effect of p we first considered uncorrelated cellular media and varied both p andθ. For a givenθ x 2 /t increases with increasing p; see Fig. 2 (e). Depending on p, the correlations may increase or decrease x 2 /t; see Fig. 2(f) . Thus, the correlations are indeed relevant and regulate x 2 . Moreover, regardless of the correlations' type (H < 0.5 or H > 0.5), directionality of the cell advancement does influence x 2 and θ * significantly.
To study the effect of σ, we computed x 2 for p = 0.9 and several values ofθ. As Fig.   3 (a) shows, for large σ all x 2 /t converge to the same eventual value. But, more interestingly and contrary to the limit p = 1/4, the dependence of x 2 /t on σ is not trivial. It initially decreases and then increases. Such non-monotonic behavior may be understood by noting that the average probability r of moving in the positive x direction does not vary monotonically with σ. Figure 3 (a) also indicates that, although all the x 2 /t eventually converge to the same value, the shape of their variations depends on the value of σ.
One goal of this paper is to understand the effect of the orientations' correlations on the results, and as Fig. 3(b) , which presents the dependence of x 2 /t on σ for various Hurst exponents H in the limitsθ = 0 and p = 0.9, indicates, the effect is completely nontrivial. As Fig. 3(b) indicates, Not only is the growth of x 2 /t with σ completely different from those in Fig. 3(a) , it also indicates that the cells advance more slowly in a cellular environment andθ = π/8. In this case, the correlations give rise once again to nonmonotonic dependence of x 2 /t on σ, hence playing a major role in regulating x 2 . As Fig. 3(d) indicates, the correlations may increase or decrease x 2 /t, depending on σ andθ.
As discussed earlier, the limits p = 1/4 and θ * = π/4 represent a crossing angle, a sort of a transition point. Thus, the characteristics of θ * as the dividing angle at which a transition from low-risk (TACS2) to high-risk (TACS3) metastasis occurs are important. As Fig. 4(a) shows, for every p in a noncorrelated medium θ * vanishes with increaing σ, hence indicating that in a cellular medium with a rather wide σ, the risk of metastasis increases significantly for almost Since cells may migrate in various modes, the question of how they alter θ * is also important.
As Fig. 4(c) indicates, directionality of the tumor advancement initially increases and then decreases θ * . The significance of these results is in demonstrating that, while for random motion of the cells the fibers' alignment is the main contributing factor to the magnitude of the invasion length, one needs a more precise and better defined framework for chemotaxtic migration, as the physical parameters that affect the phenomenon, such as the extent and type of the correlations between the fibers' orientations and the migration mode, play major roles.
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Figure 5: Dependence of x 2 /t on σ and p for (a)θ = 0, and (b)θ = π/8.
We also studied the effect of the probability p on the mobility x 2 /t. 
IV. SUMMARY AND CONCLUSIONS
We described what we believe is the first model that introduces a dividing angle for classification of tumor-associated collagen signature (TACS), demonstrating how various physical features, such as the spatial distribution of the extre-cellumar matrix's fibers' orientations and the cells' migration dynamics regulate the cell invasion length and, therefore, the metastatic risk. The distribution of the orientations of the fibers plays a crucial role, and may promote or inhibit cell migration. The cells' migration mode, ranging from random walks to entirely biased walks, also affects the invasion length. Thus, the three factors should be considered together for complete classification of the TACSs. This may explain why classification of tumor environment based solely on the fibers' alignment has not proven to be fruitful for all the cases.
We emphasize that cell migration is a complex process regulated by biochemical communications between the cells and various constituents of the host tissue, as well as the biophysical interactions. Our goal in this paper was to investigate the effect of physical interactions. Gaining a comprehensive understanding of the ECM regulation of cell migration and the metastasis should integrate all the chemical and physical aspects.
